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Abstract

Despite accumulating evidence suggesting a positive correlation between leptin levels, obesity,
post-menopause and breast cancer incidence, our current knowledge on the mechanisms involved
in these relationships is still incomplete. Since the cloning of leptin in 1994 and its receptor (OB-
R) 1 year later by Friedman’s laboratory (Zhang et al., 1994) and Tartaglia et al. (Tartaglia et al.,
1995), respectively, more than 22,000 papers related to leptin functions in several biological
systems have been published (Pubmed, 2012). The ob gene product, leptin, is an important
circulating signal for the regulation of body weight. Additionally, leptin plays critical roles in the
regulation of glucose homeostasis, reproduction, growth and the immune response. Supporting
evidence for leptin roles in cancer has been shown in more than 1000 published papers, with
almost 300 papers related to breast cancer (Pubmed, 2012). Specific leptin-induced signaling
pathways are involved in the increased levels of inflammatory, mitogenic and pro-angiogenic
factors in breast cancer. In obesity, a mild inflammatory condition, deregulated secretion of
proinflammatory cytokines and adipokines such as IL-1, IL-6, TNF-a and leptin from adipose
tissue, inflammatory and cancer cells could contribute to the onset and progression of cancer. We
used an /n silico software program, Pathway Studio 9, and found 4587 references citing these
various interactions. Functional crosstalk between leptin, IL-1 and Notch signaling (NILCO)
found in breast cancer cells could represent the integration of developmental, proinflammatory and
pro-angiogenic signals critical for leptin-induced breast cancer cell proliferation/migration, tumor
angiogenesis and breast cancer stem cells (BCSCs). Remarkably, the inhibition of leptin signaling
via leptin peptide receptor antagonists (LPrAs) significantly reduced the establishment and growth
of syngeneic, xenograft and carcinogen-induced breast cancer and, simultaneously decreased the
levels of VEGF/VEGFR2, IL-1 and Notch. Inhibition of leptin—cytokine crosstalk might serve as a
preventative or adjuvant measure to target breast cancer, particularly in obese women. This review
is intended to present an update analysis of leptin actions in breast cancer, highlighting its
crosstalk to inflammatory cytokines and growth fact ors essential for tumor development,
angiogenesis and potential role in BCSC.
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1. Introduction

Leptin, mainly secreted by adipose tissue, is the most studied adipokine since this protein
was first cloned in 1994 (Zhang et al., 1994). Both leptin and its receptor, OB-R, are
necessary for normal mammary gland development. However, leptin/OB-R are very low
expressed in epithelial cells of normal human mammary glands (Jarde et al., 2008a). In
contrast, leptin/OB-R are overexpressed in breast cancer cells. A complex crosstalk between
leptin and pro-angiogenic, inflammatory and mitogenic factors occurs in breast cancer.
Leptin actions would provide a link between proinflammatory and pro-angiogenic actions of
leptin, IL-1, VEGF and macrophages in breast cancer progression (Guo et al., 2012a).
However, the individual contributions of these factors to obesity-related cancers, including
breast cancer, are not well understood.

Obesity-related cancer is a contemporary socio-epidemiological health problem. The World
Health Organization (WHO) reported that more than 400 million people are obese and
approximately 700 million will have this condition worldwide by 2015 (WHO, 2006).
Obesity, mainly due to unhealthy diets and lifestyles, is a proven factor contributing to
higher risk and poor prognosis of cancer. Studies from US populations show that death rates
from all cancers combined among obese individuals were 52% higher (for men) and 62%
higher (for women) than the rates in men and women of normal weight (Calle et al., 2003).
How obesity is associated to cancer incidence is still an unexplainable or unanswered
question (Prieto-Hontoria et al., 2011; Zhang et al., 2010).

Obesity is characterized by high levels of estrogen, which increases the growth of endocrine
responsive of cancer, in particular, breast cancer. Obesity’s effects on postmenopausal breast
cancer are linked to the tumor expression of estrogen and progesterone receptors. However,
not all breast cancers respond to estrogens. In contrast, premenopausal obese women
develop most often estrogen and progesterone receptor negative tumors. Ovarian hormones
are more relevant for estrogen responsive than unresponsive and for lobular than for ductal
tumor (Unkown, 2012). Therefore, estrogen and progesterone unresponsive breast cancers
are mostly dependent on growth factors (i.e., insulin, insulin-like growth factor-1) and
adipokines (i.e., leptin) (Rose and Vona-Davis, 2010).

Inflammatory cytokines are involved in the regulation of peripheral synthesis of estrogens,
which is enhanced in obese or elderly subjects. In addition, elevated levels of cytokines
induced by stress or immunosuppression may alter the risk of developing breast cancer
(Reed and Purohit, 1997). Elevated lifetime estrogen exposure has been shown to be a major
risk factor for cancer in hormone-de pendent organs, particularly in breast and endometrium
(Clemons and Goss, 2001; Henderson et al., 1988). Estrogens are also important regulators
of the development and progression of es***trogen receptor positive (ER+) breast
carcinoma (Bernstein and Ross, 1993; Johnston, 2010). ERs are known to regulate a huge
number of genes affecting cancer proliferation and vascular function (Mendelsohn and
Karas, 1999; Welboren et al., 2007).

Earlier studies suggest that estrogen may influence leptin synthesis in a tissue- and cell type-
specific fashion (Henson and Castracane, 2002). Jarde et al. examined the expression of
leptin, OB-R and ER in human primary breast cancer and adjacent non-cancerous tissue.
Their findings suggest that OB-R and ER are co-expressed in breast cancer indicating a
possible interaction between leptin and estrogen systems to promote breast carcinogenesis
(Jarde et al., 2008b). Antiestrogens may stimulate the synthesis and release of leptin in the
adipocytes (Marttunen et al., 2000). A recent report has confirmed these previous findings
(Chen et al., 2012). In addition, leptin can transactivate ER (Catalano et al., 2004) and
increase the expression of aromatase in MCF-7 cells (Catalano et al., 2003). These leptin
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effects represent additional links between obesity and estrogen signaling that promotes the
development of estrogen-responsive breast cancer (Guo et al., 2012a).

Obesity and markers of the metabolic syndrome (insulin, free/bioavailable IGF-1 and leptin)
correlate to breast cancer (Protani et al., 2010). Hyperinsulinemia could induce breast cancer
progression through leptin-dependent mechanisms (Bartella et al., 2008). However, the
individual contributions of all these factors to obesity-related cancers are often contradictory
and not well understood in diverse scenarios. Therefore, the causal mechanisms linking
obesity and breast cancer are still unknown. Some studies suggest that there is no evidence
that targeting obesity (reduction of body weight) after breast cancer diagnosis improves
survival. These data would suggest that the additional trouble of weight loss on women
already affected with breast cancer is unjustifiable (Protani et al., 2010). However, in sharp
contrast with this idea is the fact that obesity and diabetes increase the likelihood of breast
cancer recurrence, death and chemoresistance (Rose and VVona-Davis, 2010; Dowsett et al.,
2010; Yager and Davidson, 2006).

Obesity is a state of chronic inflammation, where many cytokines show altered profiles
(Lumeng et al., 2007a, 2007b). Among them, inflammatory cytokines [i.e., interleukin-1
(IL-1), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-q, etc.] and leptin have been
implied as positive effectors of obesity-induced changes in tumor and stroma cells (Ziccardi
et al., 2002; Vendramini-Costa and Carvalho, 2012). Cytokines secreted by the adipose
tissue have also pro-angiogenic effects, among these a non-inflammatory cytokine, the
vascular endothelial growth factor (VEGF), has the more prominent role in angiogenesis. In
addition, IL-1 (Coxon et al., 2002; Salven et al., 2002; Voronov et al., 2003), IL-6 (Guo et
al., 2012c), hepatocyte growth factor (HGF) (Bussolino et al., 1992) and leptin (Bouloumie
et al., 1998), also promote angiogenesis. Recruitment of inflammatory cells significantly
contributes to adipose neovascularization and breast cancer inflammation and angiogenesis
(Cao, 2007). Moreover, it has been suggested that the inflammatory cells and cytokines
found in tumors are more likely to contribute to tumor growth, progression, and
immunosuppression than they are to mount an effective host antitumor response (Balkwill
and Mantovani, 2001).

Leptin is an immunomodulator whose levels are increased by infection and inflammation
(Faggioni et al., 2001) can also modulates adaptive immune response (Fantuzzi and
Faggioni, 2000). Within the breast cancer tissue, chemotactic factors are produced causing
an influx of inflammatory cells. These cells can be activated within the tumor and secrete
proinflammatory cytokines, IL-1, IL-6, IFN-y, TNF-a and IL-17. Stimulation of the tumor
cells within the breast by these cytokines induce the production of CCLL22, a chemokine
that then recruits Tregs into the tumor (Watanabe et al., 2010). These Tregs are producers of
cytotoxic T-Lymphocyte antigen 4 (CTLA-4), FoxP3 and glucocorticoid-induced TNFR-
relate d protein (GITR), all immunosuppressive proteins that decrease the tumor cytotoxic
capacity of CD8 + T cells. The increased presence of Tregs in tumors and peripheral blood
of cancer patients is usually an indicator of poor prognosis in cancer outcomes (Watanabe et
al., 2008). The Treg population may be increased through the decreased production of IL-1a
by plasmacytoid dendritic cells (Sisirak et al., 2012).

2. Leptin and OB-R in breast cancer

In addition of the adipose tissue, leptin is synthesized and secreted in low quantities by
various organs/tissues, viz. stomach (Bado et al., 1998), skeletal muscle (Wang et al., 1998),
brain (Wiesner et al., 1999), placenta (Masuzaki et al., 1997) and endometrium at the time of
embryo implantation (Gonzalez et al., 2000a). Leptin levels are higher in women compared
to males (pre-menopausal females > post-menopausal females > males) even after correction
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by body weight (Rosenbaum et al., 1996). These gender differences in leptin levels could be
related to subcutaneous synthesis and estrogen and androgen regulations (for review see
Ahima and Osei, 2004).

Lean and normal weighted individuals are sensitive to leptin levels, which regulate appetite
and size of adipose tissue through complex signaling actions at hypothalamic levels.
Therefore, leptin was once considered “the silver bullet” to address the reduction of body
overweight and decrease obesity rate. However, further investigations demonstrated that
obesity is characterized by high levels of plasmatic leptin, which leads to the development of
a non-responsive hypothalamic stage for the regulation of energy expenditure and appetite.
Despite that obese individuals show high plasma levels of leptin, they are unable to control
appetite via leptin-induced hypothalamic actions. Thus, obesity is the consequence of a
leptin-resist ant state, which seems to be independent of aging (Gabriely et al., 2002).
Conversely, high plasma levels of leptin have been linked to breast cancer development
(Guo et al., 2012a).

Leptin exist as a unique protein with proinflammatory functions that belongs to the family of
helical cytokines. Leptin is structurally similar to IL-6, 1L-12, IL-15, prolactin, growth
hormone (GH), granulocyte colony-stimulating factor (GCSF) and oncostatin M. Leptin is a
small non-glycosilated protein (ob or LEP; molecular weight of 16 kDa; 167 amino acids)
that has a high percentage of identity sequence among mammals. The N-terminal region (94
amino acids) of leptin is essential for both the biological and the receptor binding activities
(Imagawa et al., 1998).

In contrast to leptin, at least six alternative spliced forms of the leptin receptor, OB-R, the
product of the diabetic (db) gene, have been identified in humans: viz. a long isoform (OB-
RL, OB-Rb or LEPR) with full intracellular signaling capabilities, shorter isoforms with less
biological activity (OB-Rs or OB-Ra) (Wang et al., 1997) and a soluble leptin receptor (OB-
Re or sOB-R) (Lewandowski et al., 1999; Maamra et al., 2001). The large extracellular
domain of OB-R (816 amino acids) is common to all OB-R forms, and the variable length
cytoplasmatic tail (300 amino acid residues) distinguishes the several isoforms. The
extracellular region of cloned OB-R differs from that of many other cytokine receptors in
that it contains several homologous segments representing potential ligand binding sites
(Tartaglia et al., 1995). OB-RL and membrane-bound shorter isoforms of OB-R have a
cytoplasmatic motif (Box 1) required for JAK (Janus kinases)-related activation of PI-3K
(phosphatidylinositol-3-kinase) and MAPK (mitogen-activated protein kinase) pathways .
However, only OB-RL has a docking site (cytoplasmatic tail motif; Box 2) essential for the
activation of the JAK-STAT (signal transducers and activators of transcription) pathway.
Induced mutations of the OB-Rb intracellular domain showed that Tyr 113s controls STAT3
(Blenis, 1993). In addition, the SH2 domains of SOCS (suppressor of cytokine signaling)
bind the phosphorylated tyrosine residues on JAK?2 regulating OB-Rb (Takahashi et al.,
1997).

OB-R has a helical structure that is similar to those of gp130, the common signal
transducing receptor component for the 1L-6 family of cytokines, G-CSF (granulocyte
colony stimulating factor) and LIF (leukemia inhibitory factor) receptors (Baumann et al.,
1996). OB-R is related to class | cytokine receptors, which includes the receptors of IL-1,
IL-2, IL-6 and the growth hormone (Fruhbeck, 2006). This super-family of receptors lacks
auto-phosphorylation capabilities and needs auxiliary kinases for activation. OB-R binding
to leptin induces conformational changes that recruit JAKS, which in turn phosphorylates
OB-R and activates STATs. SOCS-3 plays an important role as a negative regulator of leptin
signaling. It seems SOCS-3 is activated by a feed-back induced by leptin. The over-
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expression of SOCS-3 inhibits leptin-induced tyrosine phosphorylation of JAK2 and ERK
activation by binding to phosphorylated Tyr 985 of OB-Rb (Bjorbaek et al., 1999).

Leptin has very high specificity for binding to OB-R (Gonzalez and Leavis, 2003).
However, there is a complete lack of structural data for the OB-R/leptin complex. To date
the structure of this complex has been not resolved. A hypothetical model for the leptin-OB-
R complex has been described based on the similarities between granulocyte-colony
stimulator factor (G-CSF) and leptin and their receptors (Hiroike et al., 2000). In this model,
leptin binds to OB-R in a 2:2 ratio as was found for the G-CSF/G-CSF receptor complex
(Aritomi et al., 1999). More recently, a molecular model of the putative leptin-LBD (leptin
binding domain) antibody complex revealed that the bound antibody blocked leptin binding
through only a small overlap in their binding sites, and that leptin binding is likely to involve
an induced fit mechanism (Carpenter et al., 2012). Strict biunivocal binding-affinity and
activation of leptin/OB-R complex makes it a unique molecular target for prevention and
treatment of breast cancer, particularly in obesity contexts (Guo et al., 2012a; Gonzalez and
Leavis, 2003; Gillespie et al., 2012; Gonzalez et al., 2006; Rene Gonzalez et al., 2009).
Nevertheless, the mechanism of OB-R activation via leptin binding remains poorly
understood.

Spontaneous mutations in the leptin (ob) and OB-R (db) genes in C57BI/6J mice lead to
hyperphagia, morbid obesity, hyperinsulemia and infertility. A nonsense mutation in codon
105 causes the lack of protein synthesis in ob/0b mice (Zhang et al., 1994). A point mutation
(G - T) in the genomic OB-R sequence induces the synthesis of truncated non-functional
OB-RL in db/db mice (Chen et al., 1996). However, in humans ob or db mutations showed
low penetration and scarce number of affected individuals (Paracchini et al., 2005).

2.1. Leptin signaling pathways and breast cancer

Leptin-induced intracellular signals comprise several pathways commonly triggered by
many inflammatory cytokines (viz, JAK2/STAT; (MAPK)/extracellular regulated kinases 1
and 2 (ERK1/2) and PI1-3K/AKT1 and, non-canonic al signaling pathways: protein kinase C
(PKC), c-Jun NH(2)-terminal kinase (JNK) and p38 MAP kinase) (Guo et al., 2012a) (Fig.
1). Leptin can also induce adenosine monophosphate (AMP)-Activated Protein Kinase
(AMPK) activation in some cells. Leptin selectively stimulates phosphorylation and
activation of the alpha2 catalytic subunit of AMPK (alpha2 AMPK) in skeletal muscle.
Leptin-activated AMPK inhibits the activity of acetyl coenzyme A carboxylase (ACC),
which stimulates the oxidation of fatty acids and the uptake of glucose, and prevents the
accumulation of lipids in nonadipose tissues (Minokoshi et al., 2002). Each of these leptin-
induced signals is essential to its biological effects on food intake, energy balance, adiposity,
immune and endocrine systems, as well as oncogenesis (Guo et al., 2012a).

Compelling evidence for a role of leptin in breast cancer was provided by Dr. Cleary’s
studies by showing that leptin signaling-deficient (ob/0b and db/db) mice do not develop
mammary tumors. Moreover, the progeny from ob/ob or db/db mice crossed with MTTV-
TGF-a mice (prone to develop mammary cancer), did not show mammary tumors (Cleary et
al., 2003, 2004). These mice show, however, high levels of insulin/IGF-1, which have been
suggested to play important roles in mammary carcinogenesis. Further, we have also
provided solid evidence sustaining a role for leptin signaling in breast cancer, by
demonstrating that the inhibition of leptin signaling in vivo significantly delays the onset
and reduces the growth of syngeneic, xenograft and carcinogenic-induced mammary tumors
in mice (Gillespie et al., 2012; Gonzalez et al., 2006; Rene Gonzalez et al., 2009).
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2.2. Leptin and cytokine crosstalk in breast cancer

2.3. In silico

Leptin’s paracrine or autocrine actions can stimulate tumor cells to secrete inflammatory
cytokines. Leptin can also stimulate the tumor-induced colonization of stroma, which leads
to the stroma secretion of several growth factors and cytokines, etc. (Guo et al., 2012a). In
turn, inflammatory cytokines can also modulate the synthesis and secretion of leptin from
adipose and tumor cells (Faggioni et al., 1998; Sarraf et al., 1997). Leptin pro-angiogenic,
inflammatory and mitogenic effects in breast cancer are eventually related to leptin crosstalk
with several cytokines secreted by cancer and stromal cells (Guo et al., 2012a).

Groundbreaking data from immunohistochemistry studies conducted by Ishikawa et al. in
normal breast and breast cancer tissues evidenced abnormally high levels of leptin/OB-R in
malignant tissues (Ishikawa et al., 2004). Normal epithelial mammary cells showed weaker
staining of leptin and OB-R compared to adipocytes in adjacent adipose tissue. In sharp
contrast, leptin production was enhanced in breast cancer. Moreover, none of the normal
mammary glands exhibited significant immunoreactivity to OB-R, whereas it was expressed
in most of the carcinoma cells. Interestingly, distant metastasis was detected in 21 (34%) of
61 OB-R-positive tumors with leptin overexpression, but in none of the 15 tumors that
lacked OB-R expression or leptin overexpression (p < 0.05) (Ishikawa et al., 2004). Further
studies showed that leptin and OB-R were detected in 39-86% and 41-79% of breast cancer
tissues, respectively. Data from these studies suggest that the expression of leptin in breast
cancer was correlated to highly proliferative tumors and metastasic tissues (Kim, 2009;
Garofalo et al., 2006). Leptin and OB-R mRNAs were virtually detected in all breast cancer
using real-time RT-PCR. Interestingly, OB-RL and OB-Rs mRNA were inversely correlated
with the expression of progesterone receptors and high OB-RL/OB-Rs ratios were
associated with a shorter relapse-free survival (Revillion et al., 2006). Leptin and OB-R
expression have also been reported in several breast cancer cell lines (see Table 1).

Leptin pro-angiogenic, inflammatory and mitogenic effects in breast cancer are eventually
related to its crosstalk with several cytokines secreted by cancer and stromal cells (Guo et
al., 2012a). Leptin can stimulate the tumor-induced colonization of stroma, which leads to
the secretion of several growth factors and cytokines (Guo et al., 2012a). In addition,
paracrine or autocrine actions of leptin can stimulate tumor cells to secrete inflammatory
cytokines. Steroid hormones including estrogen, progesterone and glucocorticoids and,
insulin participate in the regulation of leptin metabolism (Lepercq et al., 1998). Leptin can
also interact with other cytokines and growth factors. Leptin secretion and mRNA
expression were modulated in response to IGF-1 (Smith and Sheffield, 2002). Additionally,
leptin synergistically stimulated FGF-2 and VEGF functions (Cao et al., 2001), and its
secretion was down-regulated together with GM-CSF and IL-6 after inhibition of VEGF and
platelet derived growth factor (PDGF) (Duhrsen et al., 2001). Providing a feed-back
mechanism, in turn several inflammatory cytokines can modulate the synthesis and secretion
of leptin from adipose and tumor cells (Faggioni et al., 1998; Sarraf et al., 1997). Indeed,
leptin is regulated by IL-1 (Fanggioni et al., 1998; Janik et al., 1997), TNF-a (Finck et al.,
1998) and TGF-B, linking leptin with the inflammatory response (Sarraf et al., 1997).
Remarkably, STAT3 activation is a common feature of leptin and a variety of cytokines
such as IL-6, G-CSF, epidermal growth factor (EGF), IL-1 and TNF -a (Finck et al., 1998;
Takeda et al., 1998).

analysis of leptin—cytokine interaction networks in breast cancer

To verify leptin—cytokine interactions in breast cancer Pathway Studio 9 software (Ariadine
Genomics, MD) was used. Fig. 2a depicts the various relationships between the proteins
involved in breast cancer. Three hundred five relationships were detected and these results
are included in the Supplementary material. This analysis proved to be too large and thus,
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only the cytokines, IL-6, IL-1, IL-17, TNF-a, and TGF- were imported into the software
and their relationships analyzed in terms of breast cancer (Fig. 2b). Ninety-eight references
were found demonstrating breast neoplasms were up regulated by TNF, leptin, IL-6, IL-1a
and TGF-f2 (see Supplementary material). An additional 89 papers reported how these
cytokines regulated the expression of each other. Increases in estrogen, progesterone, TGF-
B1, TGF-B2, TGF-B3, leptin, IL-6, TNF, IL-10 and cortisol were associated with breast
neoplasms as described in 124 manuscripts . Genetic polymorphisms were reported in the
TGF-B1, TGF-B2, leptin, IL-6, TNF, IL-10 and IL-1a genes that are found in breast cancers
patients (101 papers). Potential biomarkers for breast cancers include TGF-B1, progesterone,
leptin, TNF and IL-1a as described in 61 manuscripts. The results of this analysis
reemphasizes the complexity of pathways, soluble mediators and cells involved in breast
cancer and the need to elucidate the various interactions in order to develop new rational
treatment regimens.

3. Inflammatory cytokines and breast cancer

Cytokines in the tumor microenvironment may play a role in the growth and metastatic
nature of the cancer cells in the breast. Influx of inflammatory leukocytes into the tumor can
produce different cytokine profiles dependent upon the type of cell that predominate the
tumor. Cell populations from breast cancer and adjacent non-affected tissue were examined
by flow cytometry. Women who received chemotherapy prior to surgery had an increase
number of myeloid cells and CD8+/CD4 + T cell ratio when compared to women who did
not receive chemotherapy (Ruffell et al., 2012). Differences in the cell types could affect the
cytokine milieu thus altering the cytotoxicity capacity of cells within the tumor.

A decrease in the Thl cytokines, IL-6, IL-21, IL-1f, and TNF-a increases the cytotoxic
capacity of CD8 + T cells that can produce IFN-y which decreases angiogenesis and
enhances MHC expression and tumor recognition. An increase in theseTh1 cytokines can
increase the production of IL-17 that stimulates angiogenesis and tumor growth
(Murugaiyan and Saha, 2009). In addition, TGF- and IL-6 inactivate cytotoxic CD8 + T
cells which then produce more IL-17 (Liu et al., 2007).

Th17 cells are also increased in breast cancer tissue when compared to normal tissue and a
corresponding increase in IL-6, IL-10 and IL-17 was found in the tissue (Yang et al., 2012).
The cytokines, RANTES and MCP-1a, produced by breast cancer tumor cells and
fibroblasts increased chemotaxis of Th17 cells (Su et al., 2010). IL-17 was also expressed by
breast cancer macrophages and when various breast cancer cell lines were exposed to IL-17,
their ability to migrate in a matrigel invasion assay increased (Zhu et al., 2008).

Poor outcome in breast cancer has been associated with a tumor cytokine profile showing
increased expression of IL-1, IL-5, IL-6, IL-17, IFN-B and NFKB (Eiro et al., 2012). IL-1 is
consistently found in breast cancer biopsies and can be derived from adipocytes or tumor
infiltrating macrophages. In a MCF-7 mouse model, IL-1a enhanced tumor growth and
wasting (Kumar et al., 2003), whereas, inhibition of SDF-1a and IL-1f significantly reduced
tumor growth (Schmid et al., 2011).

Both innate and adaptive cells have leptin receptors and can respond to stimulation by the
elicitation of cytokines. These cells include monocytes/macrophages, dendritic, natural
killer, T and B cells as well as Tregs (Watanabe et al., 2010). When leptin binds to its
receptor on these cells, proinflammatory cytokines are produced such as IL-1, IL-6, IL-12,
TNF-a and IFN-y (likuni et al., 2008).
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3.1. Main inflammatory cytokines

Leptin and IL-1 synergic actions can activate NFkB, which increases VEGF (Gonzalez-
Perez et al., 2010). Leptin-induced IL-1 could enhance the synthesis of macrophage
chemoattractant protein macrophage (MCP-1) by breast cancer cells leading to the
recruitment and activation of infiltrating TAM. MCP-1 also correlates to known angiogenic
factors (i.e., VEGF, TNF-qa, and IL-8) (Ueno et al., 2000). It is known that macrophages
respond to leptin stimulation by secreting proinflammatory and pro-angiogenic cytokines,
i.e. IL-1, TNFaq, IL-1, IL-6, IL-12 and nitric oxide, and thus leptin may modulate
macrophage phenotype: M1 (Th1 immunity-proinflammatory/cytotoxic) and M2 (suppress
Th1/anti-inflammation/pro-angiogenesis) activation profiles (Loffreda et al., 1998).
However, despite that breast cancer express many inflammatory and angiogenic cytokines
only few reports show results from simultaneous determinations of cytokines and leptin
within tumor tissue.

Cytokines have diverse effects in breast cancer. Some cytokines IL-1, IL-6, interleukin 11
(IL-11), transforming growth factor beta (TGF-B)] stimulate while others [interleukin 12
(IL-12), interleukin-18 (IL-18), interferons (IFNs)] inhibit breast cancer proliferation and/or
invasion (Nicolini et al., 2006). In addition, the expression of interleukin 8 (IL-8) correlates
with breast cancer angiogenesis, tumorigenicity, and metastasis (Waugh and Wilson, 2008).
Therefore, many cytokines have been used as biomarkers of prognosis and outcomes of
breast cancer. Several cytokines show altered levels in breast cancer. Table 2 shows the
expression of main inflammatory cytokines (IL-1, IL-6 and TNF-a) linked to leptin in breast
cancer tissues.

3.1.1. IL-1—Remarkably, all components of the IL-1 system (ligands IL-1a and j,
antagonist IL-1Ra, and receptor IL-1R) are expressed in breast cancer. IL-1a is a member of
the interleukin 1 family and is a proinflammatory cytokine induced in predominantly
macrophages, neutrophils and endothelial cells. It synergistically reacts with TNF-a to
promote inflammation and fever. IL-10, another member of the IL-1 family, is produced by
activated macrophages in response to stimulation as well as adipocytes . It is a
proinflammatory cytokine that causes cell proliferation and is increased in a number of
chronic inflammatory diseases. IL-1 is a pluripotent cytokine that promotes angiogenesis,
tumor growth, and metastasis in experimental models and in several tumor types including
non-small-cell lung carcinoma, colorectal adenocarcinoma, and melanoma tumor (Elaraj et
al., 2006).

Adipocytes produce both leptin and IL-1 and high levels in breast cancer reflects poor
prognosis (Singer et al., 2003). It was recently shown that leptin stimulates breast cancer
cells to produce IL-1 through the VEGF/VEGFR2 signaling pathway thus perhaps
modulating angiogenesis in breast cancer (Zhou et al., 2011).

The expression of IL-1 in breast cancer is associate d with aggressive tumor phenotype.
Moreover, IL-1 gene is frequently expressed in metastases from patients with several types
of human cancers. IL-1a was detected in both malignant and stroma cells and, correlated
with poor differentiation . High level of IL-1R type | was also consistently found in breast
cancer tissue. A fine balance of levels of IL-1 system components is probably required for
cancer development (Singer et al., 2006). Indeed, activation of the IL-1/IL-1R cytokine
family via autocrine and/or paracrine mechanisms leads to a cascade of secondary
protumorigenic cytokines. IL-1 induces IL-8 expression in vitro in human breast cancer cell
lines (Pantschenko et al., 2003a). Other report suggested that 1L-6 and IL-1f stimulated the
activity of aromatase (Honma et al., 2002) in triple negative (SK-BR3) and estrogen
responsive (MCF-7) breast cancer cell lines Interestingly, it was earlier found that IL-1a
levels correlated inversely with ER levels (p < 0.06), whereas IL-1Ra levels correlated

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 January 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Newman and Gonzalez-Perez Page 9

directly with both ER levels (p < 0.009) and IL-1f levels (p < 0.06)(Miller et al., 2000).
Later, it was confirmed that IL-1a inversely correlated to ERa (Pantschenko et al., 2003a).
This suggests that the expression of I1L-1 in poorly differentiated ERa (=) tumors could
contribute to the malignant phenotype (Singer et al., 2006).

3.1.2. IL-6—IL-6 is a proinflammatory cytokine and an acute phase protein produced by T
cells, macrophages, adipocytes, smooth muscle cells, osteoblasts and the liver. This cytokine
is found within breast cancer tissue and adipocytes (Basolo et al., 1996). Breast cancer and
stromal cells can also produce IL-6 (Dirat et al., 2011; Fantuzzi, 2005; Walter et al., 2009),
which enhances tumor cell migration and invasion and contributes to tumor drug sensitivity
(Conze et al., 2001). IL-6 acts as a differentiation factor of B cells, which are transformed
into plasma secreting immunoglobulin cells. When IL-6 transcription is inhibited in a
ERDB?2 breast cancer mouse model, mammary cell tumors are significantly diminished
(Rokavec et al., 2012). Obese women have higher circulating levels of leptin and IL-6, a
poorer prognosis of breast cancer survival and IL-6 and leptin are detected in breast cancer
tissue (Maccio et al., 2010).

Expression of IL-6 is closely associated with clinical stage in human breast cancer.
However, patients without breast cancer show high levels of IL-6, which have significant
relationships with obesity and insulin resistance (Kern et al., 2001). IL-6 was detectable in
92% of breast cancers (69/75) and correlated to breast cancer stage. IL-6 levels were
significantly higher in bigger tumors and, stage IV than in stage I-111 patients and, those with
distant metastas is. However, no significant association was found between I1L-6
concentration and age, histological type, histological grade, lymph node involvement, or
hormone receptor status (Yamashita et al., 1994). Similarly, investigations in Japanese
patients with metastatic breast cancer suggested that higher 1L-6 serum levels correlated to
significantly poor response to chemo-endocrine therapy and survival. Multivariate analysis
revealed that IL-6, as well as disease-free interval, were independent prognostic factors of
metastatic breast cancer (Zhang and Adachi, 1999).

3.1.3. IL-17—IL-17 is a proinflammatory cytokine induced by IL-23 in immune cells,
CD4+, CD8+, yd T cells and natural killer cells. It is a member of the IL-17 family, of which
most prominent, IL-17a enhances the immune response to infections and can induce the
production of IL-6. It synergistically works with TNF-a and IL-1p to cause many chronic
inflammatory diseases including autoimmune disease. IL-17 potential actions in breast
cancer were described few years ago by Zhu et al. in 2008. These authors reported that
IL-17 protein is expressed in cell lines and had a potential role in breast cancer. IL-17 was
found largely restricted to macrophages. 1L-17 directly induced breast cancer cell invasion
that was inhibited by MMP selective antagonists. However, MMP-2, MMP-3 or MMP-9
were not involved in IL-17 actions, raising the possibility of other classes of protease being
involved (Zhu et al., 2008).

Leptin treated CD4+ cells expressed IL-17 (Won et al., 2011), while macrophages treated
with leptin produced both IL-6 and TNF-a (Pantschenko et al., 2003b) and increased
chemotaxis (Gruen et al., 2007). Dendritic cells treated with leptin increased production of
IL-1B, IL-6, IL-12, TNF-a and MIP-1a (Mattioli et al., 2005). Human bone marrow-
mesenchymal stem cells stimulated with IL-17 expressed leptin (Noh, 2012). Obese women
have increased leptin in circulation that correlates with high levels of IL-17 (Sumarac-
Dumanovic et al., 2009)(26).

3.1.4. TNF-a—TNF-a is a multifunctional cytokine involved in inflammation, cell survival

and apoptosis acting via two receptors (TNFR1 and TNFR2). TNF-a is a T-lymphocyte
differentiation factor mainly produced by activated macrophages, Tlymphocytes, and natural
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killer (NK) cells. In contrast, fibroblasts, smooth muscle cells, and tumor cells express low
levels of TNF-a. There are some contradictory data published on the role of TNF-a in breast
cancer. Low serum concentrations of TNF-a and lack of correlation to breast cancer clinico-
pathological parameters have been reported (Zhang and Adachi, 1999). However, high
levels of TNF-a have been suggested as a predictor biomarker of advanced disease in
comparison to low levels found in breast cancer early disease stages (Panis et al., 2012).

Membrane-bound pro-TNF is activated by TNF-converting enzyme (TACE) (Bemelmans et
al., 1996). TNF-a acts synergistically with cytostatic drugs. Therefore, TNF-a is used in the
treatment of advanced soft tissue sarcomas and metastatic melanomas and other irresectable
tumors. TNF-a targets the tumor-associated vasculature inducing hyperpermeability and
destruction of the vascular lining. This results in an immediate effect of selective
accumulation of cytostatic drugs inside the tumor and a late effect of destruction of the
tumor vasculature (van Horssen et al., 2006). Novel potential therapies of mesenchymal pre-
activated with bone marrow stem cells with TNF-a have been suggested to upregulate
TRAIL, which has cancer apoptotic activity and inhibited the progression of lung tumors
formed from TNBC (Lee et al., 2012).

TNF-a has been linked to breast cancer development. Bcl-2 has been found directly
regulated by NFKB in response to TNF-a (Wang et al., 2012). In addition, KiSS1 (a tumor
suppressor) abrogates TNFa-induced NF-kB pathway and RhoA activation, thereby
inhibiting TNF-a induced breast cancer cell migration (Cho et al., 2009). TNF-a has also
been suggested to lead estrogen metabolism into more hormonally active and carcinogenic
products in estrogen responsive breast cancer cells, MCF-7. This may implicate a new
possible explanation for inflammation associated breast cancer (Kamel et al., 2012).
Remarkably, TNFR1 activation has dual opposite actions: apoptosis (via death receptor
activation cascade) and survival signaling (via MAPK, PI-3K and NFKB pathways) (Wang
etal., 2012) (Wang et al., 2012). Overall, the regulation of TNF-a opposite actions in breast
cancer is not well understood.

Entangled associations between leptin and TNF-a in breast cancer have been reported. In
vitro 3TL adipocytes downregulate leptin mRNA expression by actions of inflammatory
cytokines, IL-1 and TNF-a (Loffreda et al., 1998). Moreover, TNF-a via TNFR1 inhibited
the expression of leptin in human and mouse adipocytes (Yamaguchi et al., 1998). In
contrast, TNF-a induced the secretion of leptin from an pre-existent adipocyte pool
(Kirchgessner et al., 1997). In addition, in vivo responses of genetically leptin-deficient
mice show an opposite situation under the effects of inflammatory cytokines. Moreover,
leptin is upregulated by I1L-1 and TNF-a, but leptin can also upregulate these molecules in
macrophages (Gonzalez et al., 2000b). Tissue factor (TF), considered a hallmark of cancer
progression, was upregulated by leptin via transcriptional regulation of TNF-a in breast
cancer cells (Napoleone et al., 2012). Additionally, TNF-a, and leptin plasma levels were
simultaneously decreased in female Sprague Dawley rats under regimens designed for
limiting energy availability via diet or physical activity (Zhu et al., 2012).

3.2. Other inflammatory cytokines

CSF is a cytokine that promotes breast cancer, but it is also used to the prophylactic
reduction of the severity and duration of neutropenia as well as the incidence of febrile
neutropenia after cancer chemotherapy (Trueman, 2009).

IL-8 is an inflammatory and angiogenic cytokine that shows elevate levels in breast cancer.
As mentioned, IL-1a and IL-10 induced IL-8 stimulation up to 104-fold in normal
mammary epithelial cells, but increase I1L-8 3—10-fold more in breast cancer cells
unresponsive to estrogen. IL-8 is also upregulated by TNF-a and -f, but to lower levels (2-
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to 8-fold) in breast cancer cells unresponsive to estrogen and has no significant effects in
breast cancer cells responsive to estrogens (Pantschenko et al., 2003b) .

Interleukin 4 (IL-4) was originally described as a B cell growth factor and a key cytokine for
Th2 type immune reactions that induce immune-tolerance and angiogenesis. 1L-4
upregulates adhesion molecules, inhibit cell proliferation, and mediate signal transduction in
breast cancer cells. However, IL-4 has potent anti-tumor activity against various tumors,
including breast cancer (Nagai and Toi, 2000) IL-4 receptors have been suggested as novel
targets for cancer cytotoxin therapy (Kawakami et al., 2001). Interleukin-10 (IL-10) can also
exert dual proliferative and inhibitory effect on breast tumor cells indicating a complex role
of IL-10 in breast cancer initiation and progression. IL-10 induces immunotolerance, which
allows breast cancer cells to escape from mechanisms of immune surveillance (Hamidullah
etal., 2012).

Though, there is not consistent consensus for the clinical meaning of differential levels of
cytokine expressions in breast cancer. Levels of cytokines were markedly different in
women with breast cancer as compared with those in women who did not have breast
cancer. For instance, G-CSF, and IL-17 showed high levels in women with breast cancer
compared to women without breast cancer. Significant increased levels of IL-8 and
macrophage inflammatory protein-1f (M/P-I1) correlated to increased age in women without
breast cancer (Lyon et al., 2008). However, high circulating levels of some cytokines seem
to be adverse prognostic indicators (IL-1p, IL-6, IL-8, IL-10, IL-18, gp130). IL-2, IFNs (q,
B,andy), IL-6, IL-12 have been used for treatment of advanced breast cancer either to
induce or increase hormone sensitivity and/or to stimulate cellular immunity (Nicolini et al.,
2006). Cytokines actions are also related to breast cancer stem cells (BCSC) (Korkaya et al.,
2011), which will be discussed later.

4. Leptin induces IL-1 system in breast cancer

Leptin, OB-R and IL-1 systems are co-expressed in breast cancer. The IL-1 system is
composed of IL-1 two ligands (IL-1a and IL-1f; both 17 kDa), two receptor types | (IL-1 R
tl, 80 kDa) and Il (IL-1R tll, 60-68 kDa) and a receptor antagonist (IL-1 Ra, 25 kDa). These
molecules play important roles in the regulation of inflammatory processes .

Tissue array analysis of breast cancer samples (1= 75) suggested that IL-1 and leptin
systems are simultaneously expressed by cancer and stroma cells (Colbert et al., 2012). In
addition, mice hosting human breast cancer xenografts derived from human MCF-7 (ER+)
and MDA-MB231 cells (triple negative: TNBC; ER-, PR- and HER2-) and treated with
PEG-LPrAz2 (a potent and specific leptin signaling antagonist) (Gonzalez and Leavis, 2003;
Gillespie et al., 2012; Gonzalez et al., 2006) showed effectively reduction of growth and
expression of leptin, OB-R, and IL-1 receptor type | (Rene Gonzalez et al., 2009).
Moreover, diet-induced-obesity (DIO)-mice hosting breast tumors induced by DMBA (a
carcinogen, 7,12-dimethylbenz[a]anthracene) showed higher levels of IL-1, IL-1R tl and
leptin/OB-R than normal mammary glands (Gillespie et al., 2012). Furthermore, PEG-
LPrA2 treatment decreased the levels of IL-1R tlI in mammary glands from DIO-mice
(Gillespie et al., 2012). These data further assess that leptin and IL-1 system are closely
related for the development of breast cancer.

We have previously found that leptin induces the in vitro expression of IL-1 system in breast
cancer cells (Zhou et al., 2011). Leptin increased protein and mRNA levels of all
components of the IL-1 system. IL-1 upregulation involved leptin activation of JAK2/
STAT3, MAPK/ERK 1/2, PI-3K/AKT1, PKC, p38 and JNK. Moreover, in breast cancer
cells leptin-induced phosphorylation of mMTOR (mammalian target of Rapamycin)/4E-BP1
increased IL-10 and IL-1Ra expression, but downregulated IL-1a. Molecular analysis of
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leptin regulation of IL-1a promoter suggested that leptin-induced SP1 and NF-kB
transcription factors were essential for IL-1a expression. In addition, leptin receptor (OB-
Rb) was also upregulated by leptin in breast cancer cells (Zhou et al., 2011). These data
strongly suggest that leptin and IL-1 systems are closely related in breast cancer.

It is probable that leptin induction of IL-1R tl is a general phenomenon in cancer cells. We
have also found that leptin uses several signaling mechanisms to induce IL-1R tl in human
endometrial cancer cells (i.e., An3Ca, SK-UT2 and Ishikawa cells) (Carino et al., 2008).
However, IL-1f was only increased by leptin in benign primary epithelial endometrial cells.
JAK?2 and PI-3K activations were required for leptin increase of LIF, IL-1/IL-1R tl. Leptin-
mediated activation of mTOR, mainly linked to MAPK, played a central role in leptin
regulation of all cytokines and receptors (Carino et al., 2008). These results suggest that
leptin’s effects are cell-specific and could confer a proliferative or cell survival advantage.

5. Leptin, cytokines and breast cancer angiogenesis

Leptin was earlier identified as a pro-angiogenic cytokine (Sierra-Honigrnann et al., 1998).
Both leptin (Gonzalez-Perez et al., 2010) and IL-1 (Salven et al., 2002) upregulate VEGF,
promote angiogenesis (Bouloumie et al., 1998; Gainsford et al., 1996) and are related to
poor prognosis of breast cancer (Guo et al., 2012a). Leptin is as potent as VEGF in
promoting tumor angiogenesis. In addition, leptin phosphorylates VEGFR-2 independent of
VEGF in endothelial (Garonna et al., 2011) and breast cancer cells.

We have early identified that the inhibition of leptin signaling via PEG-LPrA2 impaired the
expression of VEGF and VEGFR-2 in mouse 4T1-cell derived syngeneic mammary cancer
(Gonzalez et al., 2006). In 4T1 cells leptin increases the expression of VEGF, VEGFR-2,
and cyclin D1 through JAK2/STAT3, and/or PI-3K and ERK 1/2. In contrast to leptin-
induced levels of cyclin D1 the changes in VEGF or VEGFR-2 were more dependent on
specific signaling pathways. Moreover, incubation of 4T1 cells with anti-VEG-FR-2
antibody increased leptin-mediated VEGF expression suggesting an autocrine/paracrine loop
(Gonzalez et al., 2006).

Similar results were found in human breast cancer xenografts hosted by severe
immunodeficient mice (SCID-BALB/C). PEG-LPrA 2 more effectively reduced the growth
of ER+ (>40-fold) than ER-BC (twofold) and expression of pro-angiogenic (VEGF/
VEGFR?2, leptin/OB-R, and IL-1 R tI and pro-proliferative molecules (proliferating cell
nuclear antigen, PCNA, and cyclin D1) in ER+ than in ER- BC. Interestingly, mouse tumor
stroma in ER + BC expressed high levels of VEGF and leptin that was induced by leptin
signaling (Rene Gonzalez et al., 2009). Furthermore, comparable results were found in
female C57BL/6J mice, which are unresponsive to DMBA-induced mammary tumors
without hormonal stimulation (Gillespie et al., 2012). Remarkably, accelerated development
of DMBA-mammary tumors was found in C57BL/6J mice treated with DMBA fed a high
fat diet. Strikingly, PEG-LPrA2 inhibition of leptin signaling in these mice prevented the
development of mammary tumors and reduced the levels of several molecules with
angiogenic roles in breast cancer, including VEGF/VEGFR-2, OB-R, hypoxia inducible
factor-1 alpha (HIF-1a), NFKB p105, IL-1R tl and Notch (Gillespie et al., 2012).

Additionally, leptin also increased the levels of VEGF and VEG-FR-2 in human endometrial
cancer cells compared with benign endometrial cells. Leptin-induction of VEGF levels in
endometrial cancer cells was related to the activation of MAPK/ERK1/2 and mTOR but not
to PI-3K/AKT1 signaling pathway (Carino et al., 2008). In addition to its angiogenic actions
in ECs, the VEGF/VEG-FR-2 signaling paracrine—autocrine loop functions as an important
survival process in cancer cells (Guo et al., 2010).
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We further described comprehensive mechanisms for leptin upregulation of VEGF/
VEGFR-2 transcriptional expression in breast cancer cells (Gonzalez-Perez et al., 2010).
Deletion analysis of VEGF promoter via transfection of VEGF-Luc reporters (full-length
and transcription factor-binding deletions) and RNA knockdown showed that HIF-1a and
NFKB were essentials for leptin regulation of VEGF. Leptin activation of HIF-1a was
mainly linked to canonic (MAPK, PI-3K) and non-canonic (PKC, JNK and p38 MAP)
signaling pathways. Leptin non-canonic signaling pathways (JNK, p38 MAP and to less
extent PKC) were linked to NFKB activation. SP1 was involved in leptin regulation of
VEGF. AP1 was not involved and AP2 repressed leptin-induced increase of VEGF. Overall,
these data suggest that leptin signaling regulates VEGF in breast cancer mainly through
HIF-1a and NFKB (Gonzalez-Perez et al., 2010). In addition, it was found that leptin-
mediated upregulation of IL-1 system in breast cancer cells was closely related to VEGF
(Zhou et al., 2011).

Notch is a known pro-angiogenic factor linked to poor prognosis of breast cancer (Guo et
al., 2011). Leptin was identified as an inducer of Notch (ligands JAG1 and DII-4; receptors
Notch1-4 and targeted molecules, survivin and Hey?2) in breast cancer (Guo and Gonzalez-
Perez, 2011; Guo et al., 2011) and endothelial cells (Lanier et al., 2012). In breast cancer
cells, RNA knockdown and pharmacological inhibitors of leptin signaling significantly
abrogated activity of reporter gene-lucifer ase CSL promoter (RBP-Jk, an essential
transcription factor involved in Notch transcriptional actions). These investigations showed
that leptin regulation of CSL involved the activation of JAK2/STAT3, MAPK, PI-3K/
mTOR, p38 and JNK signaling pathways. Leptin activated NFkB, Sp1 and HIF-1a
increasing the expression of Notch (Guo and Gonzalez-Perez, 2011; Guo et al., 2011) and
VEGF mRNA and protein (Gonzalez-Perez et al., 2010) in breast cancer cells under
normoxic conditions. Interestingly, leptin upregulatory effects on cell proliferation/
migration and pro-angiogenic factors Notch, IL-1 and VEGF/VEGFR-2 were abrogated by a
y-secretase inhibitor (an essential protease activating membrane-bound receptors), DAPT, as
well as siRNA against CSL. Moreover, leptin upregulation of VEGF/VEGFR2 was impaired
by IL-1 signaling blockade (Zhou et al., 2011). In addition, blockade of IL-1R tI inhibited
leptin-induced Notch, Hey2 and survivin expression. These data suggest that leptin pro-
angiogenic signature in breast cancer is linked to, or regulated, in part by IL-1 signaling. We
show for the first time that a novel unveiled crosstalk between Notch, IL-1 and leptin
(NILCO) occurs in breast cancer. These data reinforce the notion that leptin and IL-1
crosstalk is essential for leptin pro-angiogenic actions (Guo and Gonzalez-Perez, 2011).
Leptin induction of proliferation/migration and upregulation of VEGF/VEGFR-2 in breast
cancer cells were related to an intact Notch signaling axis. NILCO could represent the
integration of developmental, proinflammatory and pro-angiogenic signals critical for leptin-
induced cell proliferation/migration and regulation of VEGF/VEG-FR-2 in breast cancer.

Overall, leptin pro-angiogenic actions in breast cancer likely proceeds by mechanisms
involving tumor endothelial (rapid response: leptin/OB-R mediated pVEGFR2 and mid-term
response: leptin-induced Notch), breast cancer (leptin induces VEGF expression, which
induces tumor angiogenesis) and stromal cells (Ieptin induces the secretion of pro-
angiogenic factors). However, leptin pro-angiogenic actions in breast cancer are mediated by
poorly characterized mechanisms.

6. Leptin, cytokines and breast cancer stem cells (BCSC)

BCSC are defined by their ability to undergo self-renewal, as well as tumor differentiation.
BCSC initiate and drive carcinogenesis and differentiation contributing to tumor cellular
heterogeneity through deregulation of the self-renewal process (Pang and Argyle, 2009).
Thus, the population of BCSC may be a risk factor for carcinogenesis (Kakarala and Wicha,
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2008). It has been suggested that breast cancer and stroma cells secreted cytokines and
growth factors that eventually could enhance the proliferation and survival of BCSCs,
induce angiogenesis, and recruit tumor-associated macrophages and other immune cells,
which secrete additional growth factors, forming a positive feedback loop that promotes
tumor cell invasion and metastasis (Korkaya et al., 2011).

BCSC are identified via molecular phenotypic markers (CD44+CD24-/ALDH1+) (Kakarala
and Wicha, 2008). We have found that leptin induces the expression of CD44 and ALDH1
in several breast cancer cell lines (Guo et al., 2012b). Leptin is also involved in the
regulation of factors associated to BCSC, i.e., HER2 (Korkaya et al., 2008; Korkaya and
Wicha, 2009), Akt (Korkaya et al., 2009) as well as transcriptional factors, such as STAT3
(Zhou et al., 2007), NF-«B (Pratt et al., 2009). Notably, leptin (Kern et al., 2001; Yamashita
et al., 1994), IL-6 (lliopoulos et al., 2009; Liu et al., 2011) and, IL-8 (Ginestier et al., 2010)
could mediate the regulation of BCSC renewal. In addition, leptin also activates the Notch
signaling pathway (Guo and Gonzalez-Perez, 2011; Guo et al., 2011; Knight et al., 2011)
that is important for the maintenance of BCSC through the inhibition of differentiation
(Artavanis-Tsakonas et al., 1999; Leong and Karsan, 2006; Radtke and Raj, 2003).

The NF-kB signaling pathway, which can be triggered by leptin (Guo et al., 2012a), is
essential for the regulation of IL-6 and IL-8 (Barnes and Karin, 1997). NF-kB was very
early identified as a Notch target gene (Oswald et al., 1998), which mediate Notch
angiogenic actions (Wang et al., 2007; Johnston et al., 2009). Notch signaling targets cyclin
D1 (Ronchini and Capobianco, 2001) and cmyc (Artavanis-Tsakonas et al., 1999), which are
also involved in angiogenesis (Ronchini and Capobianco, 2001; Weng et al., 2006). Then,
leptin induction of Notch in breast cancer (Gruen et al., 2007; Mattioli et al., 2005) could be
related to leptin upregulation of cyclin D1.Indeed, leptin was early identified as an inducer
of the oncogenic protein cyclin D1 (Gonzalez et al., 2006; Rene Gonzalez et al., 2009).

Leptin upregulates several genes, including BCSC biomarkers (CD44 and ALDH1), Notch
and Whnt, angiogenic factors, cell cycle activators, chromosome regulators and mesenchymal
markers in breast cancer (Guo et al., 2012b). Leptin-induced effects correlated with the
activation of STAT3 and upregulation of a functional VEG-FR-2/Notch axis, which was
linked to the increased proliferation and migration of breast cancer cells. Therefore, we
propose a novel mechanism for leptin induction of BCSC through a functional VEG-FR-2/
Notch axis (Guo et al., 2012b).

Similarly, IL-6 promotes breast cancer bone metastasis via Jaggedl (JAG1)/Notch signaling
(Sethi et al., 2011). Leptin deficiency is related to low levels of BCSC in murine mammary
tumor virus (MMTV)-Wnt-1 transgenic mice (Zheng et al., 2011). Moreover, embryonic
pluripotent stem cells exhibit sensitized responses to leptin, including the phosphorylation
and activation of STAT3 and induction of Oct4 and Sox2, thereby establishing a self-
reinforcing signaling module (Feldman et al., 2011).

BCSC are believed to be responsible for the development of drug resistance and relapse of
breast cancer. Triple negative breast cancer (TNBC: ER-, PR- and HER2-) is an aggressive
form of the disease that has an early onset, and is associated with poor survival and a
resistance to common therapeutic treatments. We have recently found that leptin is a factor
promoting survival of ER+ and TNBC. Moreover, leptin significantly decreased the
chemotherapeutic effects of cisplatin on breast cancer cells. Leptin-induced
chemotherapeutic resistance was related to the activation of a crosstalk between Notch and
Whnt signaling pathways in MCF-7 (ER+) and MDA-MB231 (TNBC). Interestingly, leptin-
induced effects were dependent of an intact Notch-Wnt axis in TNBC. The mechanisms of
leptin-induced drug resistance activation were related to the activation of Wnt/B-catenin,

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 January 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Newman and Gonzalez-Perez Page 15

Notch (Notch1-4 and JAG1/DII-4 and targets survivin/Hey2), STAT3 and VEGF/
VEGFR-2. This may imply that obesity, characterized by elevated leptin levels, could
negatively affect the outcome of TNBC treatment. Taken together, this data supports the
theory that inhibition of leptin signaling could be a novel way to prevent and treat TBNC,
particularly in the context of obesity and abnormal Wnt and Notch signaling (McGlothen et
al., 2011).

7. Conclusions and perspectives

Breast cancer progression and metastas is are closely related to the secretion, actions and
crosstalk of an array of cytokines. Stroma and breast cancer cells modify their behavior
through multiples signaling and crosstalks, being the leptin cytokine crosstalk a main
mechanism for tumor development. Pandemic obesity and high levels of leptin could
represent additional risks for breast cancer development. Actions of leptin—cytokine
crosstalk in breast cancer and immune cells elicit tumor angiogenesis and increase the
proliferation of BCSC, which could decrease therapy effectiveness and increase relapse.
Targeting leptin—cytokine crosstalk could enhance therapy potential, especially in obese
patients showing higher levels of leptin and poorer prognosis.
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Fig. 1.

Role of leptin and inflammatory cytokine crosstalk in breast cancer. Progression of breast
cancer is closely related to leptin and the actions of angiogenic and inflammatory cytokines.
Breast cancer cells and associate stroma express an array of inflammatory cytokines in a
simultaneous manner. Adipose tissue expresses tumor necrosis factor alpha (TNF-a) and
interleukin 6 (IL-6), which may cause obesity-related insulin resistance (Unkown, 2012;
Kern et al., 2001). In primary breast cancer the expression of interleukin 1 (IL-1), IL-6 and
TNF-a correlated to tumor associate macrophages (TAM) and VEGF (Ueno et al., 2000).
Leptin crosstalk to cytokines in breast cancer is closely related to tumor progression
(proliferation, migration and metastasis), which also impact on self-renewal of breast cancer
stem cells and tumor angiogenesis (Guo et al., 2012a).
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Fig. 2.

In silico analysis of leptin-cytokine interactions in breast cancer. (A) Interaction networks
between leptin and proteins involved in breast cancer were analyzed using Pathway studio
program (Ariadine Genomics, MD). Detailed description of relationships detected is
included in the supplementary material, (S1). (B) Relationships between leptin and main
inflammatory cytokines [IL-6, IL-1, interleukin 17, (IL-17), TNF-a, and transforming
growth factor beta, (TGF-3)] were imported and analyzed in terms of breast cancer. Detailed
description of interactions is shown in supplementary material (S2).
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Table 1
Expression of leptin/OB-R in breast cancer.
Breast Subtype Leptin OB-R Techniques Reference
cancer
Carcinoma 92% 83% IHC Ishikawa et al. (2004)
DICA (80%; n=417/517)  39% (p=0.02)0 79% HC Kim (2009)
24% of TNBC (p=0.05)0
No TNBC 36% 80% IHC Kim (2009)
Normal BMI 43% 74% IHC Kim (2009)
Overweight/obese 37% 85% IHC Kim (2009)
Primary tumor 86% 41% IHC Garofalo et al. (2006)
Metastasis 94% 52% IHC Garofalo et al. (2006)
?IJDzi\Z/;erse subtypes (7= 99% 100% Real-time RT-PCR Revillion et al. (2006)
Diverse subtypes (7= 20) 100% Real-time RT-PCR Laud (2002)
Cell lines
Human MCF-7 2.6 pg/ml/mg ) ELISA, WB Rene Gonzalez et al. (2009)
(0.15 pm)°©
MDA-MB-231 9.6 pg/ml/mg *+)
(0.41 pm)°©
MCF-7 (+) IHC; real-time RT-PCR; in Laud (2002) and Cascio (2008)
aly%ridization
MDA-MB231 10 pg/ml € ) IHC, real-time RT-PCR Soma (2008) and Bartella et al.
(2008)
SKBR-3 *) IHC Soma (2008)
T47D (@) IHC; real-time RT-PCR; in Laud (2002)
aly%ridization
ZR75-1 and HTB-26 ) RT-PCR Frankenberry (2006)
Mouse 4T1 (+) +) IHC, WB, ELISA Gonzalez et al. (2006),
Gonzalez-Perez et al. (2010) and
Zhou et al. (2011)
EMT6 (+) +) IHC, WB, ELISA Gonzalez-Perez et al. (2010) and
Zhou et al. (2011)
MMT +) +) IHC, WB, ELISA Gonzalez-Perez et al. (2010) and

Zhou et al. (2011)

a . . .
Ductal invasive carcinoma.

bCompared to no TNBC.

c
Basal level.
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Table 2

Expression of inflammatory cytokines in breast cancer.

Page 28

Breast Subtype IL-1 IL-6 TNF-a  Other CK Technique Reference
cancer
Carcinoma  Metastasic 6.9 pg/ml; ELISA Zhang et al.
p<0.0001 (1999)
No metastasic 1.1 pg/ml
(serum)
All tumors 92% (+) [69/75) ELISA Yamashita et
al. (1994)
All tumors ~11 pg/ml/mg-
p*
Stage 1V tumors 2859 pg/ml/mg
Poor differentiated ~ All IHC, ELISA, RT-PCR  Singer et al.
tumors components (2006)
IL-1 system
*)
All tumors (50% 52-118 pg/  72-226 pg/ml 124- Multiplex bead array Lyon et al.
stage I1) ml (normal women 191 pg/ (2008)
(normal 35-77 pg/ml) ml
women (normal
44-55 pg/ women
ml) 103-
158 pg/
ml)
Cell lines
MDA-MB-231 >1000 pg/mli MCP-1 = 500 pg/ Multiplex (VersaMAP  Schmidt (2012)
mi Development System;
R&D
System Inc.)
I1L-8 A 1000 pg/ml
IL-2 ~ 100-200
pg/
mi
GM-CSF ~ 1110
pg/
mi
G-CSF ~ 1000 pg/
mi
MDA-MB-435 1L-8 ~~10-20 pg/ml  Multiplex Schmidt (2012)
Development
System; R&D System
Inc.)
SK-BR-3 MCP ~ 1000 pg/ml  Multiplex (VersaMAP  Schmidt (2012)
Development System;
R&D
System Inc.)
I1L-2 ~ 100 pg/ml
ZR-75-1 I1L-2 ~~ 100 pg/ml Multiplex Schmidt (2012)
Development
System; R&D System
Inc.)
T47D MCP-1 ~100 pg/ml  Multiplex (VersaMAP  Schmidt (2012)

IL-2 ~ 100-200
pg/

Development System;
R&D
System Inc.)
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Breast Subtype IL-1 IL-6 TNF-a  Other CK Technique Reference
cancer
mi
MCF-7 I1L-2 ~ 100-200 Multiplex Schmidt (2012)
pg/ Development
ml System; R&D System

IL-8 ~ 50 pg/ml

Inc.)
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